Drug-induced changes in synaptic strength are hypothesized to contribute to appetitive behavior and addiction. Nicotine, the major addictive substance in tobacco, activates nicotinic receptors (nAChRs) to initiate a series of adaptive changes at the cellular and circuit levels in brain, particularly the ventral tegmental area (VTA). Our laboratory previously reported that nicotine facilitates induction of long-term potentiation (LTP) in VTA dopamine (DA) neurons by increasing glutamate release via activation of ␣7 nAChRs on the glutamate terminals, suggesting a critical presynaptic contribution of nicotine in LTP induction. In the present study, we used an in vitro exposure paradigm to study the effect of nicotine on excitatory synaptic strength. Brief exposure of nicotine to brain slices from drugnaive adult rats followed by a period of recovery resulted in an NMDA receptor (NMDAR)-dependent increase of AMPA receptor/NMDAR ratio in VTA DA neurons, which is consistent with the induction of LTP. These effects are similar to that induced by a single in vivo nicotine injection intraperitoneally. The induction of synaptic potentiation required excitation of DA neurons mediated by somatodendritic ␣4␤2 nAChRs, as well as enhancement of NMDAR function via D 5 dopamine receptors, also on DA neurons. Nicotine-induced increase of presynaptic glutamate release also contributed to the induction of synaptic plasticity, likely through increased activation of NMDAR. These results identified important receptor systems involved in nicotine-induced long-term changes in excitatory synaptic input to VTA DA neurons. The data also revealed remarkable similarity in the mechanisms underlying synaptic plasticity induced by nicotine and cocaine in the VTA.
Introduction
Despite effective public health campaigns that have lowered tobacco use, smoking remains a major public health problem, leading to hundreds of thousands of premature deaths each year in the United States (Centers for Disease Control and Prevention, 2004) . Far beyond a simple habit, smoking is essentially a myriad of behaviors reflecting addiction to nicotine, the principal neuroactive component of tobacco. Nicotine interacts with nicotinic receptors (nAChRs) in the brain to initiate a series of adaptive changes at cellular and circuit levels. One important pathway affected by nicotine and other drugs of abuse is the dopaminergic projection from the ventral tegmental area (VTA) to the nucleus accumbens (NAc). Considerable effort is currently focused on understanding the changes in neuronal excitability that mediate the enhanced release of dopamine (DA) by drugs of abuse.
Persistent changes in synaptic activity or strength to the VTA DA neurons likely contribute to the rewarding and addictive properties of psychostimulants, including nicotine (Wolf et al., 2004; Kauer and Malenka, 2007) . Acute exposure of brain slices from drug-naive young rats to nicotine can promote the induction of NMDA-dependent long-term potentiation (LTP) at excitatory synapses on VTA DA neurons (Mansvelder and McGehee, 2000) . In vivo administration of nicotine increases the ratio of AMPA receptor (AMPAR)/NMDA receptor (NMDAR) in DA neurons 24 h after exposure, consistent with the expression of LTP at these synapses (Saal et al., 2003; Gao et al., 2010) . Repeated in vivo administration of cocaine results in AMPAR/ NMDAR ratio changes in VTA that are strongly correlated with locomotor sensitization (Borgland et al., 2004) , suggesting that synaptic plasticity in this pathway is associated with psychostimulantinduced behavioral effects. Both NMDA receptors and D 1 -type dopamine receptors contribute to locomotor sensitization induced by cocaine and nicotine (Kalivas and Alesdatter, 1993; Vezina, 1996) . Although numerous studies have provided important insights into the nicotine-induced changes in neuronal excitability and synaptic strength (Pidoplichko et al., 1997; Picciotto, 1998; Klink et al., 2001; Placzek et al., 2009; Gao et al., 2010) , the location and functional contribution of specific receptor subtypes to the induction of synaptic plasticity by nicotine within the adult VTA has not been systematically investigated.
Recently, Argilli and colleagues (2008) showed that exposure of brain slices from naive rats to cocaine followed by 3-5 h of recovery without the drug induced synaptic plasticity similar to that observed after in vivo exposure. Following up on earlier in vivo observations, they demonstrated that this effect of cocaine was dependent upon D 1 /D 5 DA receptors and NMDARs. However, the potential contribution of these receptor systems to the persistent effects of nicotine on VTA DA neurons is unknown. Here, we established a similar paradigm to systematically in-vestigate the receptor systems that contribute to the nicotineinduced changes in excitatory synaptic input to VTA DA neurons.
Materials and Methods
Slice preparation. Adult postnatal day 60 -90 (P60 -P90) male Sprague Dawley rats (Harlan Laboratory) were used for all experiments. Rats were rapidly decapitated following anesthesia with isoflurane (Abbott Laboratories). Their brains were removed into the cold sucrose-artificial CSF (aCSF) (in mM: sucrose 125, KCl 2.5, Mgcl 2 1, CaCl 2 2.5, glucose 20, NaH 2 PO 4 1, NaHCO 3 25, ascorbic acid 10; bubbled continuously with 95% O 2 /5% CO 2 ), and 200-m-thick horizontal slices containing VTA were cut with a vibratome (VT100S, Leica). Slices were incubated in a holding chamber of circulating 32°C aCSF (in mM, 125 NaCl, 25 NaHCO 3 , 20 glucose, 2.5 KCl, 2.5 CaCl 2 , 1 MgCl 2 , 1 NaH 2 PO 4 , and 1 ascorbic acid, pH 7.4, saturated with 95% O 2 and 5% CO 2 ) and perfused at a rate of 20 ml/min for at least 30 min before drug exposure or recording. For recordings, an individual slice was transferred to a recording chamber superfused (ϳ2 ml/min) with 32°C aCSF without ascorbic acid. For recordings of AMPAR/NMDAR ratio, paired-pulse ratio, spontaneous EPSC (sEPSC), and NMDA EPSCs, bicuculline (20 M) was included in an external solution to block GABA A receptor-mediated synaptic currents. Bicuculline has been shown to inhibit recombinant nAChRs expressed in Xenopus oocytes (Demuro et al., 2001 ). Although we did not systematically examine the extent of interaction of bicuculline with nAChRs in our recordings, both direct and indirect nicotinic responses were clearly resolvable in those experiments that required the presence of bicuculline.
Cell identification. Neurons were visualized under infrared illumination using an upright microscope (Axioskop, Zeiss). In whole-cell recordings, VTA DA neurons were identified by the following criteria: prominent hyperpolarization activated current (I h ) (Ͼ200 pA at Ϫ115 mV), slow pacemaker-like firing rate (Ͻ5 Hz), long action potential duration (Ͼ2 ms), cell morphology, and anatomical location (Johnson and North, 1992) . In on-cell recordings, we identified DA neurons using all these criteria except I h . Intracellular cesium alters firing rate and action potential shape, and suppresses I h . Therefore, in the whole-cell recordings that required a cesium internal solution, we determined the firing rate of neurons by doing a brief period of on-cell recording. When I h was tested early in the recording, some cells did display significant currents, but these were quickly suppressed by cesium. In separate whole-cell recordings with potassium internal solutions, all of the neurons identified as dopaminergic by anatomical location, cell morphology, and firing rate also expressed an I h Ͼ200 pA at Ϫ115 mV.
Recent findings have suggested that non-DA neurons in the VTA may also express I h , and the conventional criteria mentioned above may not reliably predict cell identity in the VTA (Ford et al., 2006; Margolis et al., 2006) . However, recording time may confound immunocytochemical detection of tyrosine hydroxylase (TH), as prolonged recording in DA neurons appears to either dilute TH concentration to below the detection threshold or alter the molecular interactions between the antibodies and the enzyme . Therefore, in a subset of the experiments, we included biocytin in our internal solution and performed immunohistochemistry of TH and biocytin after brief recordings of between 5 and 10 min. With this protocol, 16 of 17 cells displayed colabeling of TH and biocytin clearly above background fluorescence levels determined by ImageJ, indicating that virtually all of the cells identified with our electrophysiological and anatomical criteria were indeed DA neurons (see Fig. 1 ).
Electrophysiology. Recordings were obtained with electrodes (2-5 M⍀) made from borosilicate glass. In whole-cell recordings of AMPAR/NMDAR ratio and NMDA EPSC experiments, electrodes were filled with an internal solution containing the following (in mM): 117 cesium gluconate, 20 HEPES, 0.4 EGTA, 2.8 NaCl, 2.5 ATP, 0.25 GTP, 5 tetraethylammonium-Cl, and 20 glucose, with pH adjusted to 7.4 (280 -290 mOsm). In whole-cell recordings of paired-pulse ratio and sEPSCs, the internal solution contained the following (in mM): 154 K-gluconate, 1 KCL, 1 EGTA, 10 HEPES, 10 glucose, 5 ATP, and 0.1 GTP, with pH adjusted to 7.4 with KOH (320 mOsm). In on-cell recordings, electrodes were filled with the aCSF described above. For evoked EPSCs, a tungsten bipolar stimulating electrode (FHC) was placed at a distance of 100 -200 m rostral to the recording electrode, and afferents were stimulated at 0.1 Hz. All currents were recorded using an Axopatch 200B amplifier with a DigiData 1322A interface and Clampex 8.2 software (Molecular Devices), filtered at 2 kHz and digitized at 10 kHz. Series resistance in whole-cell recordings was Ͻ20 M⍀ and was monitored throughout the recordings. Cells with changes in series resistance of Ͼ10% were not included in the analysis.
In experiments involving in vitro drug exposure, slices were prepared as described. After 30 min recovery in aCSF, individual slices were transferred to the recording chamber and perfused with test drugs for 15-20 min, as indicated in Figure 2 A. After drug exposure, slices were perfused with regular aCSF for 10 min in the same chamber before removal to initial recovery chamber for 150 -300 min.
Two different methods were used to determine the AMPAR/NMDAR ratio of the glutamatergic inputs to VTA DA neurons. First, neurons were voltage-clamped at Ϫ70 mV, where the evoked EPSC was mostly AMPA receptor-mediated current that decayed to baseline within 40 ms after the peak. Then the neuron was depolarized to ϩ40 mV to remove Mg 2ϩ block of NMDA receptors, and EPSCs contained both AMPAR-and NMDARmediated currents. The AMPA EPSC was measured at the time corresponding to the peak at Ϫ70 mV, while the NMDA EPSC was measured during a 10 ms window starting 40 ms after the AMPAR EPSC peak. In the second method, VTA DA neurons were voltage-clamped at ϩ40 mV throughout recording. AMPA EPSC was isolated from mixed-component EPSC by blocking NMDA receptors with D-2-amino-5-phosphonovalerate (AP5; 50 M). NMDA EPSC was determined by subtraction of the AMPA current from mixed-component EPSC. In both cases, the AMPAR/NMDAR ratio was obtained by dividing the AMPA EPSC by the NMDA EPSC. In all recordings, 10 sweeps were averaged to construct each EPSC trace.
For paired-pulse ratio measurements, two stimuli were applied at an interval of 50 ms, and 10 sweeps were averaged to obtain one paired- pulse EPSC trace. The paired-pulse ratio was calculated by dividing the amplitude of the EPSC evoked by the second stimulus by the amplitude of the EPSC evoked by the first stimulus (P2/P1).
Action potentials were monitored in current-clamp mode in either on-cell or whole-cell recording configuration, as indicated in Results. Action potential frequency and sEPSC were analyzed off-line with MiniAnalysis software (Synaptosoft). Detection threshold for sEPSC was set at 15 pA, which is at least four times the root mean square of the baseline noise. After the software selected individual events, each detected event was visually inspected to eliminate artifacts. The averaged sEPSC or action potential frequency within the 1 min immediately before drug administration was taken as baseline, and the averaged frequency for the 1 min period centered on the peak response was taken for drug effect.
Data analysis. ANOVA was used to determine the main effects of treatments in AMPAR/NMDAR ratio and NMDA EPSC experiments. Bonferroni post hoc analysis was used to assess effects between treatment groups. Student's t test was used in experiments of firing rate and sEPSC to assess the drug effect on each cell. A paired t test was used in the summarized data of paired-pulse ratio, firing rate, and sEPSC for group comparison between baseline and treatment. Statistical significance was determined by p Ͻ 0.05. All statistical tests were performed using GraphPad software (Prism). All results were presented as means Ϯ SEM.
Immunohistochemistry. Brain slices were fixed in PBS containing 4% paraformaldehyde for 2 h, placed in PBS containing 30% sucrose overnight at 4°C, and then resectioned to 35-m-thick sections with a cryostat (CM3050 S, Leica). The sections were washed twice for 5 min with PBS, blocked, and permeabilized with PBS containing 3% normal goat serum (NGS) and 0.5% Triton X-100 (NGS/Triton X-PBS) for 2 h, and then washed twice for 5 min with PBS at room temperature (RT). For immunostaining of TH and biocytin, sections were incubated with the primary antibody (rabbit anti-TH, Millipore) at a 1:500 dilution in NGS/Triton X-PBS for 24 h at 4°C. After being washed three times for 5 min with PBS, sections were incubated with secondary antibodies (Alexa Fluor 488 goat anti-rabbit, streptavidinAlexa Fluor 594 conjugate, Invitrogen) at a 1:200 dilution in PBS containing 0.1% Triton X-100 for 1 h at RT. For sequential immunostaining of TH and D 5 receptors, similar incubation and washing steps were performed for second primary antibody (i.e., sections were washed 3ϫ 5 min in PBS, blocked in NGS/Triton X-PBS for 30 min, and then washed 2 ϫ 5 min in PBS at RT before incubation with second primary antibody, mouse anti-D5R, Abcam) diluted at 1:1000 in Triton X-PBS for 24 h at 4°C. They were then washed three times with PBS. Sections were then incubated with the secondary antibodies (Alexa Fluor 488 goat anti-mouse and Alexa Fluor 594 goat antirabbit) at a 1:200 dilution in PBS containing 0.1% Triton X-100 for 2 h at RT. Finally, the sections were washed three times for 5 min with Top, Horizontal brain slices from drug-naive rats were exposed to nicotine (1 M) or vehicle for 15 min before incubation in drug-free normal aCSF (32°C). After 150 -300 min, slices were transferred to a recording chamber for electrophysiology. Bottom, Slices were pretreated with antagonists to various neurotransmitter receptors for 5 min before and throughout the nicotine exposure. B, Summary of nicotinic and D 1 /D 5 receptor effects on AMPAR/NMDAR ratio. Inset, Representative traces of AMPAR-and NMDAR-mediated EPSC. AMPA EPSC was measured with Vm ϭ ϩ40 mV at the time corresponding to the peak of the EPSC elicited with Vm ϭ Ϫ70 mV; NMDA EPSC was measured with Vm ϭ ϩ40 mV during a 10 ms window 40 ms after the peak of AMPA EPSC, when the latter decayed to baseline. Nicotine (1 M; n ϭ 7) and SKF 81297 (10 M; n ϭ 10) increased AMPAR/NMDAR ratio in DA neurons compared with vehicle control (n ϭ 11). The nicotine-induced increase was inhibited by Dh␤E (1 M; n ϭ 5), SCH23390 (10 M; n ϭ 7), and AP5 (50 M; n ϭ 9), but not MLA (10 nM; n ϭ 6). ANOVA: p ϭ 0.0032; Bonferroni post hoc test: *p Ͻ 0.05, **p Ͻ 0.01. Calibration: B, 5 ms, 25 pA. PBS, mounted with anti-fade mounting medium containing n-propyl gallate, and coverslipped.
Results
Our recordings were performed in horizontal brain slices from adult male rats that include the VTA. DA neurons were identified by several criteria. Anatomical location and large soma diameter were used in combination with electrophysiological features including regular, low-frequency firing in the absence of stimulation (Ͻ5 Hz), action potential duration Ͼ2 ms, and I h currents Ͼ200 pA when the voltage was stepped from Ϫ40 to Ϫ115 mV (Johnson and North, 1992; Zhang et al., 2010) , as shown in Figure 1 . A recent study showed that lateral VTA DA neurons display a substantially larger I h than medial VTA neurons with mean peak amplitude Ͼ300 pA and 88% of the lateral neurons display I h Ͼ100 pA . Given that our recordings were mostly contained in the lateral VTA, near the medial border of the medial terminal nucleus, and that we used a threshold for I h of 200 pA, we contend that our recordings were predominantly from DA neurons. Postrecording immunohistochemistry revealed a strong correlation between these criteria and tyrosine hydroxylase expression in a subset of the recorded cells (Fig. 1 A) . increased the firing rate of DA neurons, whereas the D 1 /D 5 agonist SKF 81297 (10 M; n ϭ 9) had no effect. Nicotine-induced increase in firing rate was inhibited by Dh␤E (1 M; n ϭ 5), but not MLA (10 nM; n ϭ 9) or SCH 23390 (10 M; n ϭ 10). MLA, Dh␤E, and SCH 23390 alone had no effect on the firing rate of VTA DA neurons. All data are normalized to baseline firing rate before drug application. *p Ͻ 0.05, **p Ͻ 0.01. Calibration: 500 ms, 4 mV. D, Fast synaptic transmission was inhibited by pretreatment with DNQX (10 M) and bicuculline (20 M). Left, Representative traces of on-cell recordings of spontaneous firing from example neurons in response to drugs. Right, Representative firing rate histograms from example neurons in response to each drug combination. E, Summary of firing rate data in the presence of DNQX (1 M) and bicuculline (20 M). Nicotine (1 M) increased the firing rate of DA neurons under these conditions (n ϭ 22). Dh␤E (1 M; n ϭ 5), but not MLA (10 nM; n ϭ 9) blocked the nicotine-induced increase of firing rate in DA neurons. MLA treatment alone significantly decreased the baseline firing rate of DA neurons. *p Ͻ 0.05. Calibration: A, 500 ms, 5 mV; B, 500 ms, 3 mV; C, 500 ms, 2 mV.
Nicotine-induced changes in excitatory synaptic strength in VTA To assess the influence of nicotine on the strength of excitatory synaptic inputs to VTA DA neurons, we used an in vitro drug exposure paradigm (Fig. 2 A) similar to that reported previously for cocaine (Argilli et al., 2008) . Horizontal brain slices from drug-naive adult rats were exposed to 1 M nicotine for 15 min, and then removed and placed in normal drug-free aCSF for recovery for 150 -300 min before recording. Antagonists to individual neurotransmitter receptors preceded nicotine by 5 min and were continuously present during nicotine exposure.
AMPAR/NMDAR ratio was determined by initially voltageclamping the VTA DA neuron at Ϫ70 mV to evoke EPSCs that are mediated almost exclusively by AMPA receptors, which decayed to baseline within 40 ms after the peak. Then the neuron was depolarized to ϩ40 mV to remove Mg 2ϩ block of NMDA receptors. The AMPA EPSC was measured at the time corresponding to the peak at Ϫ70 mV, and the NMDA EPSC was measured as the average of the current during a 10 ms window 40 ms after the peak AMPA current. These values were used to calculate the AMPAR/NMDAR ratio (Fig. 2 B) . A 1 M nicotine exposure followed by an extended recovery period induced an increase of AMPAR/NMDAR ratio in the VTA DA neurons to 148% of control (control ϭ 2.3 Ϯ 0.1, n ϭ 11; nicotine ϭ 3.4 Ϯ 0.4, n ϭ 7; ANOVA, p ϭ 0.0032; post hoc test, p Ͻ 0.05), which is consistent with the induction of LTP at these synapses ( Fig. 2C ) (Ungless et al., 2001) . Pretreating the slices with 1 M Dh␤E, a selective ␤2 nAChR antagonist, completely blocked the nicotine effect on synaptic potentiation, suggesting a critical role of ␤2 nAChRs in the induction of synaptic potentiation in VTA (nicotine ϩ Dh␤E ϭ 2.5 Ϯ 0.2, n ϭ 5; p Ͼ 0.05). Pretreatment with the selective ␣7 nAChR antagonist, methyllycaconitine citrate (MLA, 10 nM) had no effect on the nicotine-induced increase in the AMPAR/NMDAR ratio under these conditions (nicotine ϩ MLA ϭ 4.0 Ϯ 0.6, n ϭ 6; p Ͻ 0.01). In addition, pretreatment with either the D 1 /D 5 receptor antagonist, SCH23390 (10 M), or NMDA receptor antagonist AP5 (50 M) blocked the nicotineinduced increase of AMPAR/NMDAR ratio (nicotine ϩSCH23390 ϭ 2.5 Ϯ 0.5, n ϭ 7; p Ͼ 0.05; nicotine ϩ AP5 ϭ 2.8 Ϯ 0.2, n ϭ 9; p Ͼ 0.05). We also tested whether synaptic plasticity could be induced by a nicotine concentration similar to that recently measured in the brains of human subjects after smoking a cigarette (Rose et al., 2010) . In slices exposed to 300 nM nicotine, we observed an increase of AMPAR/NMAR ratio in DA neurons similar to that seen with 1 M nicotine (control ϭ 2.51 Ϯ 0.6, n ϭ 6; 300 nM nicotine ϭ 4.16 Ϯ 0.43, n ϭ 7; p Ͻ 0.05). We also found that treatment of the slices with the D 1 /D 5 receptor agonist SKF 81297 (10 M) alone was sufficient to increase AM-PAR/NMDAR ratio to 148% of control in this exposure paradigm (SKF 81297 ϭ 3.4 Ϯ 0.3, n ϭ 10; p Ͻ 0.05) (Fig. 2 B) .
In a separate set of experiments, we used the same method for measuring AMPAR/NMDAR ratio as that reported by Argilli et al. (2008) . VTA DA neurons were voltage-clamped at ϩ40 mV throughout recording. AMPA EPSC was isolated from mixedcomponent EPSC by blocking NMDA receptors with AP5 (50 M). This method revealed an identical pharmacological profile to that outlined above, supporting the validity of our AMPAR/ NMDAR ratio determinations (Fig. 3) . Our findings are consistent with the reported synaptic changes associated with cocaine exposure ( 
Receptors and transmitters that mediate the induction of synaptic plasticity by nicotine
To further delineate the mechanisms underlying nicotineinduced synaptic potentiation in VTA, we focused on the induc- tion phase of our exposure paradigm. As postsynaptic excitation can contribute to LTP induction, we assessed VTA DA neuron firing rate with extracellular recording during acute exposure to various pharmacological agents. Although both nicotine and SKF 81297 increased the AMPAR/ NMDAR ratio, only nicotine treatment increased the firing rate of DA neurons (nicotine ϭ 132 Ϯ 10% of baseline; prevalence ϭ 17 of 19 cells; p Ͻ 0.01) (Fig. 4) . Dh␤E blocked the nicotine-induced increase of firing rate, as shown in Figure 4 B (nicotine ϩ Dh␤E ϭ 103 Ϯ 9% of baseline; n ϭ 5; p Ͼ 0.05). However, neither MLA nor SCH23390 altered the nicotineinduced increase in VTA neuron firing, suggesting that depolarization by nicotine was mediated by ␤2, but not ␣7 nAChRs (nicotine ϩ MLA ϭ 130 Ϯ 12% of baseline, prevalence ϭ 7 of 9 cells, p Ͻ 0.05; nicotine ϩ SCH23390 ϭ 144 Ϯ 15% of baseline, prevalence ϭ 10 of 10 cells, p Ͻ 0.01). Moreover, although D 1 /D 5 receptors are necessary for nicotine-induced synaptic plasticity, we did not see any contribution of these receptors to firing rate of VTA DA neurons, with or without nicotine.
Because nAChRs are expressed both somatodendritically on VTA DA neurons and presynaptically on glutamate and GABA inputs, we tested the contribution of indirect synaptic modulation to the excitatory effects of nicotine. When fast synaptic transmission via AMPA receptors and GABA A receptors was blocked by DNQX (10 M) and bicuculline (20 M), respectively, nicotine increased DA neuron firing rate with a similar magnitude as control (nicotine ϭ 131 Ϯ 7% of control, prevalence ϭ 20 of 22 cells, p Ͻ 0.01) (Fig. 4 D, E) . MLA had no effect on the nicotine-induced changes in excitability in the presence of synaptic blockers (nicotine ϩ MLA ϭ 119 Ϯ 4% of control, prevalence ϭ 9 of 10 cells, p Ͻ 0.05). In contrast, Dh␤E completely inhibited the nicotine-induced increase in firing rate (nicotine ϩ Dh␤E ϭ 100 Ϯ 6% of control, n ϭ 5, p Ͼ 0.05), suggesting that nicotine excitation of DA neurons under these conditions is principally via direct activation of somatodendritic ␤2 nAChRs on the DA neurons themselves. Interestingly, in the presence of synaptic blockers, both MLA and Dh␤E slightly reduced the baseline firing rate (Fig. 4 E) , with MLA reaching statistical significance (90 Ϯ 5% of control, prevalence ϭ 8 of 10 cells, p Ͻ 0.05). This suggests tonic cholinergic modulation of DA neuron firing rate in our slice preparation. Together, these data indicate that nicotine excitation of DA neurons is mediated predominantly by somatodendritic ␤2-containing nAChRs, which likely contributes to the induction of synaptic plasticity. Moreover, the increased DA neuron activity may promote somatodendritic DA release to activate D 1 /D 5 receptors to promote synaptic potentiation. Although we did not see evidence for a contribution of synaptic modulation to nicotine-induced excitation, synaptic modulation by nicotine can contribute to long-term plasticity (Mansvelder and McGehee, 2000; Mansvelder et al., 2002; Gao et al., 2010) . These previous studies were conducted in tissue from young animals, and the presynaptic receptor subtypes could differ from the adult rats used in our current experiments. For this reason, and to assess dopaminergic modulation of synaptic activity, we tested the effects of acute activation of nicotinic and DA receptors on synaptic inputs to VTA DA neurons.
One measure of presynaptic function is paired-pulse ratio, which reflects neurotransmitter release probability. Both nicotine (1 M) and the D 1 /D 5 agonist SKF 81297 (10 M) decreased paired-pulse ratio of the excitatory inputs to VTA DA neurons to 82 and 85% of baseline, respectively, suggesting an increase in release probability at the glutamatergic inputs to VTA DA neurons (baseline ϭ 0.80 Ϯ 0.03, nicotine ϭ 0.66 Ϯ 0.03, n ϭ 18, p Ͻ 0.01; baseline ϭ 0.80 Ϯ 0.03, SKF 81297 ϭ 0.68 Ϯ 0.03, n ϭ 11, p Ͻ 0.01) (Fig. 5) .
To further investigate presynaptic modulation of excitatory transmission in this preparation, we tested the frequency of spontaneous excitatory synaptic currents (sEPSCs) and found that both nicotine and SKF 81297 increased sEPSC frequency. This effect is consistent with the findings from the paired-pulse stimulation experiments, suggesting a presynaptic enhancement of glutamate release by nicotinic and D 1 /D 5 receptors (nicotine ϭ 169 Ϯ 25% of baseline, prevalence ϭ 6 of 13 cells, p Ͻ 0.05; SKF 81297 ϭ 145 Ϯ 10% of baseline, prevalence ϭ 12/23 cells, p Ͻ 0.01) (Fig. 6 ). In addition, the nicotine effect is dependent on ␣7 but not ␤2 nAChRs, as MLA but not Dh␤E blocked the increase of sEPSC frequency (MLA ϩ nicotine ϭ 100 Ϯ 10% of baseline, n ϭ 10, p Ͼ 0.05; Dh␤E ϩ nicotine ϭ 149 Ϯ 12% of baseline, prevalence ϭ 7 of 20 cells, p Ͻ 0.01) (Fig. 6 B) . These findings are similar to those reported previously in brain slices from young animals, although the magnitude of the effect is significantly greater in younger animals (400 Ϯ 98% of baseline) (Mansvelder and McGehee, 2000) . Overall, the data show that nAChR subtypes expressed on presynaptic glutamate terminals are similar across development, but that the expression level or impact on synaptic strength diminishes with age.
Interestingly, the effects of nicotine on paired-pulse ratio and sEPSC frequency were blocked by the D 1 /D 5 receptor antagonist SCH23390, suggesting a possible interaction between nicotinic and DA receptor systems [paired-pulse ratio: baseline ϭ 0.70 Ϯ 0. 05; SCH 23390 ϭ 0.76 Ϯ 0.07; SCh23390 ϩ nicotine ϭ 0.74 Ϯ 0.06; n ϭ 12, p Ͼ 0.05 (Fig. 5C,D) ; sEPSC frequency: SCh23390 ϩ nicotine ϭ 100 Ϯ 11% of baseline; n ϭ 12, p Ͼ 0.05 (Fig. 6A,B) ]. The modulation of glutamatergic transmission by presynaptic D 1 /D 5 receptors has been investigated in several brain areas, including the VTA, with inconsistent results. Some of these studies report enhanced glutamate release or transmission (Kalivas and Duffy, 1995; Schilström et al., 2006; Deng et al., 2009) , while others show a decrease (Schilström et al., 2006) . The discrepancies are likely due to differences in experimental conditions, animal age, and species. Our data support the idea that D 1 /D 5 receptors enhance glutamate inputs to VTA DA neurons, and that ␣7 nAChRs overlap with D 1 /D 5 receptors at presynaptic locations to modulate glutamate release.
The strong contribution of ␤2 nAChRs to the excitatory effect of nicotine led us to hypothesize that the activation of these receptors by nicotine provides sufficient depolarization to induce synaptic potentiation. We tested this by introducing DNQX and bicuculline before nicotine in our in vitro exposure paradigm to block AMPA and GABA A activity, respectively. NMDA receptor function remained intact, as they are required for synaptic plasticity (Figs. 2, 3 ). Under these conditions, DNQX and bicuculline alone had no effect on the AMPAR/NMDAR ratio measured after the normal recovery period. However, nicotine did induce an increase of AMPAR/NMDAR ratio in the presence of the synaptic blockers to 155% of control (control ϭ 2.2 Ϯ 0.2, n ϭ 8; nicotine ϭ 3.4 Ϯ 0.2, n ϭ 15; ANOVA, p Ͻ 0.0001; post hoc test, p Ͻ 0.01) (Fig. 7) . In contrast to the conditions without AMPAR and GABA A receptor blockade (Figs. 2, 3) , both Dh␤E and MLA inhibited the nicotine-induced increase of AMPAR/NMDAR ratio, suggesting that both ␤2 and ␣7 nAChRs contribute to plasticity when fast excitatory transmission is blocked (Dh␤E ϭ 2.3 Ϯ 0.2, n ϭ 7, p Ͼ 0.05; MLA ϭ 2.9 Ϯ 0.2, n ϭ 13, p Ͼ 0.05). These data also reveal a contribution of presynaptic ␣7 nAChRs to synaptic potentiation under conditions of suppressed synaptic input.
Similar to control recordings with synaptic transmission intact (Fig. 2) , nicotine-induced plasticity was completely inhibited by pretreatment with AP5 or SCH23390 to 109.1 and 104.5% of control, Compared with DNQX and bicuculline alone (n ϭ 8), nicotine (1 M; n ϭ 15) increased AMPAR/NMDAR ratio, and these effects were inhibited by Dh␤E (1 M; n ϭ 7), MLA (10 nM; n ϭ 13), AP5 (50 M; n ϭ 7), and SCH 23390 (10 M; n ϭ 11). SKF 81297 (10 M; n ϭ 13) had no effect on AMPAR/NMDAR ratio in the presence of DNQX and bicuculline. ANOVA, p Ͻ 0.0001; Bonferroni post hoc test, **p Ͻ 0.01. Calibration: 5 ms, 30 pA.
respectively (AP5 ϭ 2.4 Ϯ 0.2, n ϭ 7, p Ͼ 0.05; SCH23390 ϭ 2.3 Ϯ 0.2, n ϭ 11, p Ͼ 0.05) (Fig. 7) . Interestingly, the D 1 /D 5 agonist SKF 81297 alone no longer potentiated synaptic strength when AMPA and GABA A receptors were blocked, suggesting that intact excitatory transmission is necessary for D 1 -/D 5 -mediated synaptic potentiation (SFK81297 ϭ 2.2 Ϯ 0.2; n ϭ 13; p Ͼ 0.05) (Fig. 7) . Thus, nicotine-induced synaptic potentiation requires ␤2 nicotinic, D 1 / D 5 , and NMDA receptors, presumably all located on the postsynaptic DA neurons, whereas the presynaptic increase of glutamate mediated by ␣7 nAChRs can also contribute to the induction of synaptic plasticity under conditions of low excitatory drive, when the presynaptic effect synergizes with postsynaptic ␤2 nAChRs to induce the observed changes.
As outlined above, D 1 /D 5 receptors contribute to VTA synaptic plasticity and behavioral sensitization (Vezina, 1996; Argilli et al., 2008) . Our data suggest that D 1 /D 5 receptors enhance glutamate release in the VTA. However, presynaptic enhancement of glutamate release does not appear to be critical for plasticity when normal excitatory drive is intact, as selective ␣7 nAChR antagonist did not block synaptic potentiation. Therefore, a critical role of D 1 /D 5 receptors in nicotine-induced synaptic plasticity might involve modulation of other steps in the induction of synaptic plasticity. Cocaine enhances NMDA receptor function via postsynaptic D 1 /D 5 receptors in VTA DA neurons (Schilström et al., 2006) . It is likely that nAChR-mediated direct excitation of DA neurons would increase somatodendritic DA release in the VTA to activate postsynaptic D 1 /D 5 receptors, leading to enhanced NMDA receptor function. To test this possibility, we recorded evoked EPSCs at ϩ40 mV to assess both AMPAR and NMDAR components in the VTA DA neurons (Fig. 8) . All amplitudes were normalized to baseline, as determined by the average of the first three AMPA or NMDA EPSCs. We included MLA in the external solution to block the nicotine-induced increase of presynaptic glutamate release. Under this condition, we saw no change in the AMPA component of the EPSC after 10 min of 1 M nicotine exposure, suggesting that nicotine did not increase presynaptic glutamate release under these conditions (Fig. 8 B) . However, nicotine induced an increase in the NMDA EPSC during drug exposure that continued for at least 20 min (nicotine: 143 Ϯ 12% of baseline at 5 min after washout, p Ͻ 0.01; 146 Ϯ 11% EPSCs from an example neuron voltage-clamped at ϩ40 mV. AMPA EPSC peak was measured at the time corresponding to the peak EPSC at Ϫ70 mV. NMDA EPSC was measured during a 10 ms window 40 ms after the peak of AMPA EPSC. B, Time course of AMPA EPSC amplitudes before, during, and after a 10 min nicotine (1 M) exposure. MLA (10 nM) was present throughout recording to inhibit presynaptic enhancement of release by nicotine (n ϭ 10; data were averaged in 1.5 min bins). C, Time course of NMDA EPSC amplitudes before, during, and after a 10 min nicotine (1 M) exposure. MLA (10 nM) was present throughout recording (n ϭ 10; data were averaged in 1.5 min bins). D, Time course of NMDA EPSC amplitudes before, during, and after a 10 min nicotine (1 M) exposure, with both MLA (10 nM) and SCH 23390 (10 M) present throughout recording (n ϭ 18; data were averaged in 1.5 min bins). E, Summary of the effect of nicotine on NMDA EPSCs in the presence of either MLA alone or MLA with SCH 23390 at selected time points during and after nicotine exposure. Nicotine induces a slow increase in NMDA EPSC, and this enhancement was maintained for at least 15 min after drug washout. D 1 /D 5 receptor antagonist SCH23390 (10 M) inhibited the nicotine effect on NMDA EPSC. All data were normalized to baseline. ANOVA, p ϭ 0.0002; Bonferroni post hoc test, **p Ͻ 0.01. Calibration: 5 ms, 25 pA.
of baseline at 15 min after washout, p Ͻ 0.001) (Fig. 8C,E) . When SCH23390 was added to the external solution to block D 1 /D 5 receptors, nicotine no longer increased NMDA EPSCs (nicotine ϩ SCH23390: 113 Ϯ 8% of baseline 5 min after washout; 100 Ϯ 12% of baseline 15 min after washout, p Ͼ 0.05) (Fig. 8 D, E) . Because only NMDA EPSC, but not AMPA EPSC, was enhanced under this condition, a presynaptic effect of D 1 /D 5 activation is an unlikely mediator. Instead, these results suggest that nicotine enhances NMDAR function via activation of somatodendritic D 1 /D 5 receptors in VTA DA neurons.
The overlap in pharmacology of D 1 and D 5 receptors confounds the mechanistic interpretations somewhat, although the lack of D 1 mRNA expression in DA neurons suggests involvement of D 5 receptors (Weiner et al., 1991; Yung et al., 1995) . A role for D 5 receptors in cocaineinduced synaptic plasticity in VTA was suggested recently (Schilström et al., 2006; Argilli et al., 2008) and is supported by anatomical demonstration of D 5 expression (Ciliax et al., 2000; Khan et al., 2000) . Using a D 5 -specific antibody, we tested D 5 receptor expression in VTA (Fig. 9) . In this experiment, 82% of TH-positive cells (60 of 73 cells from 3 rats) were also D 5 positive, suggesting that a majority of the VTA DA neurons express D 5 receptors. Interestingly, we also observed that only 49% of the D 5 -positive cells (63 of 123 cells from 3 rats) are TH positive, which suggests the expression of D 5 receptors on VTA GABA neurons. When the primary antibody was omitted from the staining procedure, we found no specific immunofluorescence in the VTA or other brain regions (Fig. 9B) . These findings support the expression of D 5 receptors in VTA DA neurons, which is consistent with the electrophysiology data showing that D 5 receptors contribute to synaptic plasticity of the excitatory inputs to VTA DA neurons.
Discussion
Our data demonstrate that in vitro nicotine exposure induces plasticity of the excitatory inputs to VTA DA neurons, similar to that seen following in vivo administration (Saal et al., 2003; Placzek et al., 2009; Gao et al., 2010) . Direct activation of somatodendritic ␤2 nAChRs increases the excitability of VTA DA neurons, which we expected to induce LTP directly. The AMPAR/NMDAR ratio change required a delay after drug exposure, suggesting a sequence of signaling events. DA neuron excitation apparently stimulates local DA release to activate D 5 receptors, which enhance NMDAR function, leading to nicotine-induced plasticity. Although cocaine and nicotine act on distinct primary targets, the effects converge with increased DA levels in VTA and the subsequent induction of LTP (Argilli et al., 2008) .
Several nAChR subunit mRNAs are expressed by VTA neurons, including ␣4, ␣5, ␣6, ␣7, ␤2, and ␤3 (Klink et al., 2001) , and electrophysiological studies demonstrate somatodendritic expression of ␣4␤2 and ␣7 nAChRs (Pidoplichko et al., 1997; Klink et al., 2001; Pidoplichko et al., 2004; Yang et al., 2009) . Mice that lack ␤2 subunits do not show nicotine-induced increases in DA neuron firing, suggesting a key role for these receptors, predominantly ␣4␤2* nAChRs (Picciotto, 1998) . In adult tissue slices, we found that ␣7 nAChRs have minimal effects on DA neuron excitability. ␣7 nAChRs on presynaptic terminals can modulate glutamate release (Mansvelder and McGehee, 2000) . There is also emerging evidence for important roles of ␣6␤2* nAChRs in VTA, where they influence nicotine selfadministration and DA release (Klink et al., 2001; Drenan et al., 2008; Pons et al., 2008; Gotti et al., 2010) , but there are conflicting results on ␣6-mediated currents in VTA (Klink et al., 2001; Tapper et al., 2004; Yang et al., 2009) . Here, we confirmed that adult rats express nAChRs similar to younger animals (i.e., DA neurons express predominantly ␤2* nAChRs, and presynaptic ␣7 nAChRs modulate glutamate neurotransmission). The presynaptic nAChR effects are larger in young animals, suggesting a stronger role in plasticity (Mansvelder and McGehee, 2000; Placzek et al., 2009) . We cannot exclude the possibility that nAChRs desensitize during the 15 min nicotine exposure. We previously reported that nAChR desensitization could decrease the inhibitory GABAergic drive to VTA DA neurons (Mansvelder et al., 2002) . The lack of effect of nicotinic antagonists alone on DA neuron excitation or synaptic plasticity suggests that nAChR activation is required for LTP induction. The possibility that nAChR activation and desensitization work synergistically to alter excitability and plasticity in VTA awaits further testing.
Blockade of glutamate and GABA synaptic activity revealed tonic cholinergic modulation of DA neuron firing in our slice preparation, as Dh␤E or MLA depressed DA neuron firing rate. The cholinergic projections from brainstem synapse onto both DA and GABA neurons (Omelchenko and Sesack, 2005) and modulate DA neuron firing patterns in vivo (Lodge and Grace, 2006) . In the presence of synaptic blockers, we found a stronger contribution of ␣7 than ␤2 nAChRs to tonic firing rate.
Somatodendritic ␤2 nAChRs are critical for excitatory synaptic potentiation We previously reported that presynaptic ␣7 nAChRs contribute to LTP induction in DA neurons in brain slices from young rats (P10 -P20) (Mansvelder and McGehee, 2000) . We also found that desensitization of ␤2-containing nAChRs on GABA neurons in VTA results in a persistent disinhibition of DA neurons (Mansvelder et al., 2002 ). In the current study, in vitro nicotine administration to slices from adult rats potentiated the excitatory inputs to VTA DA neurons via activation of somatodendritic ␤2 nAChRs. Those receptors also mediated nicotine-induced excitation of VTA DA neurons, independent of presynaptic nAChR modulation of fast synaptic transmission. Spontaneous glutamate release coupled with excitation of DA neurons is apparently sufficient to induce synaptic plasticity. These data differ from recent findings that both ␣7 and ␤2 nAChRs contribute to AMPAR/NMDAR ratio increase induced by in vivo nicotine administration (Gao et al., 2010) . Differences in the nicotine exposure paradigm (in vivo vs in vitro) and animal age (16 -23-d-old vs adult animals) may underlie the different observations. nAChR subunits show developmental regulation. In particular, ␣7 subunit mRNA peaks at postnatal day 21 in VTA DA neurons and declines into adulthood, whereas ␣4 and ␤2 subunit levels in VTA are unchanged after birth (Azam et al., 2007) . A decline in ␣7 nAChR expression may decrease the impact of these receptors on synaptic modulation in older animals. When we blocked fast synaptic transmission, a combination of presynaptic ␣7 and postsynaptic ␤2 receptors was necessary for the induction of plasticity, suggesting that ␣7 nAChRs may contribute to plasticity under conditions of suppressed synaptic input.
Our findings agree with a large number of studies demonstrating that ␤2 nAChRs mediate the long-term behavioral effects of nicotine. For example, maintenance of nicotine selfadministration requires ␤2 subunit expression (Picciotto, 1998) , and selectively re-expressing ␤2 subunit into the VTA of ␤2-KO mice restores nicotine self-administration behavior (Pons et al., 2008) . Inhibition of ␣4␤2 nAChRs interferes with locomotor sensitization and psychomotor stimulant-induced DA release in NAc (Schoffelmeer et al., 2002) . Tapper et al. (2004) reported that mice genetically engineered to express hypersensitive ␣4 nAChRs showed place-preference and locomotor sensitization in response to low nicotine concentrations that are inactive at other nAChRs.
The pursuit of mechanisms underlying the persistent behavioral changes by drugs of abuse has focused upon the induction of LTP. For example, self-administration but not passive delivery of nicotine elevates VTA DA neuron activity via LTP of excitatory inputs from bed nucleus of the stria terminalis (Caillé et al., 2009) . Our finding that somatodendritic ␤2 nAChRs in VTA DA neurons are necessary for nicotine-induced synaptic plasticity provides additional mechanistic insight into nAChR-dependent behaviors. (Vezina, 1996) . In addition, inhibiting D 1 /D 5 receptors in the VTA reduces intra-VTA self-administration of cocaine in rats (Ranaldi and Wise, 2001) , and systemic inhibition of D 1 /D 5 receptors abolishes selfadministration of nicotine (David et al., 2006) . D 1 /D 5 agonist administration increases extracellular glutamate in VTA in microdialysis experiments (Kalivas and Duffy, 1995) , and it increases sEPSC frequency in dissociated VTA DA neurons (Deng et al., 2009 ). However, others report D 1 -/D 5 -mediated suppression of glutamate release in VTA (Schilström et al., 2006) . The discrepancy is likely due to differences in experimental design, animal age, and species. Here, we found that D 1 /D 5 receptors enhance glutamate transmission in VTA, and that D 1 /D 5 receptors are also necessary for presynaptic ␣7 nAChR increases in glutamate release. The nature of this receptor interaction is unknown.
A key role for D 1 /D 5 receptors in synaptic potentiation appears to reside within the DA neurons. Nicotine increased postsynaptic NMDA receptor function for at least 20 min after drug washout, without affecting AMPA EPSC amplitude, suggesting that the D 1 /D 5 receptors are expressed somatodendritically on the DA neurons. Currently available drugs do not distinguish between D 1 and D 5 receptors. Schilström et al. (2006) reported a similar cocaine-induced enhancement of NMDAR function in VTA DA neurons that was dependent on the somatodendritic D 5 receptors. Previous studies, along with our immunohistochemistry data, support D 5 expression by VTA DA neurons (Ciliax et al., 2000; Khan et al., 2000) , whereas neither D 1 receptor protein nor mRNA has been reported in VTA (Weiner et al., 1991; Yung et al., 1995) . Nicotine excitation of DA neurons likely increases somatodendritic DA release to activate local D 5 receptors, leading to increased NMDAR expression. Potentiation of NMDAR function appears to be critical for induction of synaptic plasticity, as inhibition of either D 1 /D 5 or NMDA receptors abolished the nicotine-induced increase of AMPAR/NMDAR ratio in DA neurons. In addition, enhanced NMDAR function could facilitate LTP induction even after somatodendritic ␤2 nAChRs are desensitized.
In conclusion, our data show that in vitro exposure of nicotine to brain slices from drug-naive adult rats induces excitatory synaptic plasticity. We propose a mechanism of synaptic potentiation initiated by nicotine-induced depolarization of DA neurons via activation of somatodendritic ␣4␤2* nAChRs. This stimulates DA release in VTA and activation of D 5 receptors that enhance NMDAR function. Ongoing glutamatergic activity in the slice eventually leads to changes in the synaptic levels of AMPA receptors in DA neurons. In our tissue slices from adult rats, synaptic modulation by presynaptic nAChRs can contribute to plasticity, but only under conditions of suppressed synaptic activity and in combination with somatodendritic ␤2-containing nAChRs. Our findings, along with recent investigations into the effects of cocaine (Schilstrom et al., 2006; Argilli et al., 2008) highlight remarkable mechanistic overlap between the effects of nicotine and cocaine within this circuitry. Understanding the common receptors and signaling pathways may help identify more effective treatments for psychostimulant addiction.
